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SEVERAL CHANGES OCCUR IN THE central nervous system of animals that are food deprived. Food deprivation decreases the circulating levels of leptin (13) , which enhances the synthesis of two orexigenic peptides, neuropeptide Y (NPY) and agouti gene-related peptide (AgRP; 5, 24, 41) . With refeeding, leptin levels rise, suppressing the mRNA levels of NPY and AgRP. Increased levels of NPY and AgRP are believed to play an important role in the hyperphagia that is associated with food deprivation.
The opioid system may also play a role in modulating the hyperphagia of food deprivation. When food-deprived animals are given access to food, the hyperphagia that occurs is attenuated by administering opioid antagonists to -, -, or ␦-opioid receptors (7, 10, 14) . It has also been noted that food-deprived animals have a shift in their food preference toward a high-fat diet, a preference that could be stimulated by activation of the -opioid system (25, 26, 38) .
In this paper we investigated the role of -opioid receptors in modulating the hyperphagia and fat preference that is associated with food-deprived animals. Activation of -opioid receptors results in hyperphagia and increased preference for a diet high in fat (7, 30, 31, 40) . The location of -opioid receptors coincides with many areas of the central nervous system that regulate feeding, including the hypothalamus, nucleus accumbens, amygdala, ventral tegmental area, and the nucleus of the tractus solitarius (12, 15, 29) . Because fooddeprived animals are hyperphagic and prefer a high-fat diet when given a choice, the possibility exists that changes in the expression and activity of this receptor population in fooddeprived animals contributes to the feeding behavior that is associated with these animals.
Thus, we hypothesized that changes in the expression of hypothalamic -opioid receptors positively contributes to the hyperphagia observed in food-deprived animals.
MATERIALS AND METHODS

Animals
Male Long-Evans rats (Harlan, Indianapolis IN) weighing 250 to 300 g were used in the experiments. Animals were individually housed with a 12:12-h light-dark cycle with ad libitum access to a nonpelleted low-fat diet, a nonpelleted high-fat diet, and water. Diets (3) were purchased from Research Diets (New Brunswick, NJ). All procedures were approved by the Institutional Animal Care and Use Committees located at Pennington Biomedical Research Center.
Experiment 1 -Food Preference of Food-Deprived Animals
Male Long-Evans rats were divided into an ad libitum group (n ϭ 7) and groups that were food deprived for 48 h (n ϭ 7), 24 h (n ϭ 7), 12 h in the light (n ϭ 7), or 12 h in the dark (n ϭ 7) and given ad libitum access to a low-fat and a high-fat diet. On test days, diets were removed from the food-deprived animals for their respective time frame. After 48, 24, or 12 h in the light, or 12 h in the dark, both groups of animals (i.e., ad libitum fed and food deprived) were given preweighed low-fat and high-fat diet simultaneously. Food intake was measured 2 h after the food was given to the animals. Dietary preference was the diet that provided Ͼ50% of the daily intake.
Experiment 2 -mRNA Expression of -, -, and ␦-Opioid Receptors in Ad Libitum-Fed and Food-Deprived Rats
Male Long-Evans rats were divided into an ad libitum-fed group (n ϭ 7) and groups deprived of food for 48 h (n ϭ 7), 24 h (n ϭ 7), 12 h in the light (n ϭ 7), 12 h in the dark (n ϭ 7). All animals had ad libitum access to a nonpelleted low-fat and a high-fat diet. On test day, food was removed from the food-deprived animals. After the respective time of food deprivation, the brains of the ad libitum and food-deprived groups were removed and frozen on dry ice. Frozen sections of the hypothalamus were placed on a freezing vibratome. Anatomically appropriate micropunches of the ventral medial hypo-thalamus/arcuate nucleus (VMH/ARC), lateral hypothalamus (LH), and paraventricular nucleus (PVN) were collected and processed for isolation of RNA.
Real-time-PCR. Fresh tissue was homogenized in QIAzol (Trizol) using a motorized tissue homogenizer (Tekmar, Cincinnati, OH). Homogenate was transferred to a phase-lock gel tube, and chloroform was added. Samples were centrifuged, and the upper aqueous phase was placed in a new collection tube containing 70% ethanol. RNA from the whole hypothalamus was isolated using RNeasy Kit (Qiagen, Valencia, CA). Reverse transcriptase (RT) was conducted using Moloney murine leukemia virus procedures (Promega, Madison WI). For RT, 2 g of RNA from each sample was added to random primers (Promega) and incubated in a thermal cycler (model PTC-100; MJ Research, Watertown, MA) for 5 min at 70°C. Tubes were removed, placed on ice, and a mixture of 5 ϫ Moloney murine leukemia virus, 10 mM dNTP, and RT buffer was added. Tubes were returned to the thermal cycler for 60 min at 37°C and then 15 min at 70°C. Real-time PCR was conducted with primers designed for rat NPY and rat AgRP.
For real-time PCR, SYBR Green 2 ϫ Master Mix (Applied Systems, Foster City, CA), forward and reverse primers (10 M), and RT product (10 ng) were added to 384-well plates. The cycling parameters consisted of initial 2-min incubation at 50°C, followed by 10 min at 95°C, and then 15 s at 95°C and a 1-min annealing step at 60°C (40 cycles). A dissociation step (15 s at 95°C) was added following 40 cycles to determine the specificity of primers. Quantity of NPY and -opioid receptors was based on a standard curve and normalized to cyclophillin RNA (ABI Prism 7900 Sequence Detection System; Applied Biosystems).
Experiment 3: Effect of ␤-Funaltrexamine (Selective -Opioid Receptor Antagonist) on High-Fat Intake of Animals Food Deprived for 48 h
Male Long-Evans rats were anesthetized with a ketamine cocktail (ketamine/acepromazine/xylazine, 80 mg/ml ϫ 1.6 mg/ml ϫ 5 mg/ml, respectively) and fitted with a 26-gauge stainless steel guide cannula (Plastic One, Austin, TX) aimed at the third ventricle. The coordinates (anterior-posterior, Ϫ2.3; medial-lateral, 0; and dorsal-ventral, Ϫ8.5 from bregma) were determined from the rat atlas of Paxinos and Watson (27) . Animals were allowed to recover for 1 wk. On test days, food was removed from the animals, and they were divided into groups that received an intracerebroventricular injection of either saline (n ϭ 6) or 10 nmol ␤-funaltrexamine (n ϭ 6). Forty-eight hours after the injection, animals were given ad libitum access to both a low-fat and a high-fat diet. Food intake was measured 2 h after food was provided to the animals. 
Statistical Analysis
Data are presented as means Ϯ SE. Statistical analyses were performed using Graphpad software (Graphpad, LaJolla, CA). Results were analyzed by using two-way ANOVA for repeated measures or by using t-tests where appropriate. Differences were considered statistically significant at P Յ 0.05.
RESULTS
Experiment 1: Food Intake and Dietary Preference of Animals Deprived of Food for 48, 24, or 12 h in the Light or 12 h in the Dark
Animals that are food deprived for 48, 24, or 12 h in the light, or 12 h in the dark prefer to eat a high-fat diet. When food-deprived animals were given a choice between a low-fat and a high-fat diet, the animals ate significantly more of the high-fat diet (P Ͻ 0.001) (Figs. 1, 2, 3, and 4) . There was not a significant difference in the type of diet the ad libitum-fed animals consumed. Table 1 shows the mRNA expression of -, -, and ␦-opioid receptors, respectively, of animals that were food deprived for 48 h. mRNA expression of -opioid receptors was significantly increased in the VMH/ARC (P ϭ 0.0290) and LH (P ϭ 0.0194). The mRNA expression of -opioid receptors in the PVN was not statistically different. Forty-eight-hour food deprivation did increase the mRNA expression of -opioid receptors in the LH (P ϭ 0.0186).
Fasting rats for 24 h, 12 h in the light, or 12 h in the dark did not change the mRNA expression of -, -, and ␦-opioid receptors (Tables 2, 3 Administering ␤-funaltrexamine into the third ventricle of food-deprived animals resulted in a significant decrease in the percentage of high-fat diet consumed. The percentage of highfat diet consumed decrease from 82% to 41% (P ϭ 0.043).
DISCUSSION
In this paper, we present the novel observation that food deprivation results in a significant increase in the gene expression of hypothalamic -opioid receptors. Using real-time-PCR, we investigated the effect of food deprivation at 48, 24, 12 h in the light, or 12 h in the dark on the gene expression of -opioid receptors in three hypothalamic sites. Our data demonstrate that food deprivation for 48 h, but not shorter periods, can increase the density of -opioid receptors in the VMH/ ARC and LH. We did not observe a change in the mRNA expression of -opioid receptors in the PVN.
The change in the mRNA expression of -opioid receptors in the VMH/ARC and the LH is supported by work that utilized c-Fos immunohistochemistry to localize cells that are mediated by an opioid antagonist under conditions of food deprivation (8) . That data suggest that cells within the arcuate nucleus and lateral hypothalamus are under opioidmediated inhibitory control during food restriction. Values are expressed as means Ϯ SE. Gene expression of -opioid receptors in food-deprived animals was significantly greater than the ad libitum-fed group within the VMH/ARC and LH. mRNA expression of -opioid receptor was significantly greater in the LH. No change was observed in mRNA expression of ␦-opioid receptors. P Յ 0.05 vs. ad libitum. Values are means Ϯ SE. Gene expression of -, -, and ␦-opioid receptors was not significantly different between the ad libitum and the food-deprived group. Values are means Ϯ SE. Gene expression of -, -, and ␦-opioid receptors was not significantly different between the ad libitum and the food-deprived group. A couple of factors can contribute to the increased -opioid receptors we observed at 48 h. First of all, upregulation of -opioid receptors can occur between 1 h and several days (10) . Demonstrations of the upregulation of -opioid receptors have occurred as a result of utilizing agonist and antagonist to this receptor population. Our findings are intriguing because we observed an increase in -opioid receptors simply by depriving animals of food for 48 h. The possibility exists that the increase of -opioid receptors is potentiating the animal's hyperphagia and desire to acquire a high-fat diet.
Another factor that could contribute to our observation is the change in ␤-endorphin levels that occur in food-deprived animals. ␤-Endorphin is located in neuronal populations that are located in the arcuate nucleus and the caudal nucleus tractus solitarus. This opioid peptide, which is derived after the breakdown of the polypeptide proopiomelanocortin, has high affinity for the -opioid receptor.
The duration of food deprivation plays an important role in the level of ␤-endorphin that is in the circulation. Majeed et al., (28) found that 24 h of food deprivation increased ␤-endorphin in the hypothalamus. However, findings by Bi et al., (5), Knuth and Friesen (22) , and Kim et al., (21) demonstrated that food deprivation for 48 h or longer decreased the gene expression of ␤-endorphin and its precursor proopiomelanocortin. We hypothesize that we did not observe an increase in -opioid receptors during the 24 or 12 h in the light, or 12 h in the dark food deprivation, because the ligand for -opioid receptors was increased. Thus, the -opioid receptors were being activated by the increased levels of ␤-endorphin. However, after extended food deprivation (i.e., 48 h), ␤-endorphin levels decreased, and as a consequence, the population of -opioid receptors increased.
We also investigated the effect of food deprivation on ␦-and -opioid receptors. ␦-Opioid receptors are located predominately in intracellular compartments of neurons within the central nervous system that are related to pain. Food deprivation did not have any effect on the mRNA expression of ␦-opioid receptors.
-Opioid receptors have been implicated in the control of food intake (15) . However, our data demonstrated that food deprivation did not have an effect on the mRNA expression of -opioid receptors except in the lateral hypothalamus after 48 h of food deprivation. A lack of a change of -opioid receptors is supportive of work by Hadjimarkou et al., (18) . Their work demonstrated that selective antagonists to -opioid receptors did not reduce deprivation-induced intake.
The feeding behavior of animals food deprived within each of our experimental designs was consistent. Food deprivation made the animals hyperphagic and significantly increased their preference for a high-fat diet. To determine whether -opioid receptors played a role in the animals feeding behavior, we administered ␤-funaltrexamine (-opioid receptor antagonist) to animals that were food deprived for 48 h. When we reintroduced the low-fat and high-fat diets, the preference for high-fat diet was attenuated in the animals that were pretreated with ␤-funaltrexamine. This data suggest that -opioid receptors play a role in the hyperphagia and diet preference that is associated with food deprivation.
Perspectives and Significance
Food deprivation initiates a series of events within the central nervous system to reestablish a homeostatic environment. These events include, but are not limited to, an increase in orexigenic peptide (i.e., NPY) and a decrease in anorexic peptide (i.e., proopiomelanocortin) and hormone (i.e., leptin). Data from this manuscript provide another event that occurs in food-deprived animals, which could help to reestablish homeostasis. Increases in the mRNa expression of -opioid receptors after prolonged fastings is significant because activation of this receptor population makes animals hyperphagic and increases their preference for a high-fat diet.
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